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Description 

[0001] This invention generally relates to a sensor ar- 
ray for receiving and monitoring various signals (e.g. 
seismic, pressure, and temperature signals) in a bore- 
hole. 

[0002] During the production of hydrocarbons from an 
underground reservoir or formation, it is important to de- 
termine the development and behaviour of the reservoir 
and to foresee changes which will affect the reservoir. 
Methods and apparatus for determining and measuring 
downhole parameters for forecasting the behaviour of 
the reservoir are well known in the art. 
[0003] A typical method and apparatus includes plac- 
ing one or more sensors downhole adjacent the reser- 
voir and recording seismic signals generated from a 
source often located at the surface. Hydrophones, geo- 
phones, and accelerometers are three typical types of 
sensors used for recording such seismic signals. Hydro- 
phones respond to pressure changes in a fluid excited 
by seismic waves, and consequently must be in contact 
with the fluid to function. 

[0004] Hydrophones are non-directional and respond 
only to the compressional component of the seismic 
wave. They can be used to indirectly measure the shear 
wave component when the shear component is convert- 
ed to a compressional wave (e.g. at formation interfaces 
or at the wellbore-formation interface). Geophones 
measure both compressional and shear waves directly 
They include particle velocity detectors and typically 
provide three-component velocity measurement. Accel- 
erometers also directly measure both compressional 
and shear waves directly, but instead of detecting par- 
ticle velocities, accelerometers detect accelerations, 
and hence have higher sensitivities at higher frequen- 
cies. Accelerometers are available having three-compo- 
nent acceleration measurements. Both geophones and 
accelerometers can be used to determine the direction 
of arrival of the incident elastic wave. 
[0005] One method which has been used to accom- 
plish well logging or vertical seismic profiling involves 
attaching the sensor to a wireline sonde and then low- 
ering the wireline sonde into the bore of the well (see for 
example GB 2,229,001 A and 'Permanent Seismic Mon- 
itoring, A System for Microseismology Studies' by Cre- 
atech Industrie France). U.S. patent 5,607,01 5, to which 
reference should be made, discloses installing an array 
of sensors suspended on a wireline into the well. 
[0006] Wireline sondes contain a large number of var- 
ious sensors enabling various parameters to be meas- 
ured, especially acoustic noise, natural radioactivity, 
temperature, pressure, etc. The sensors may be posi- 
tioned inside the production tubing for carrying out lo- 
calized measurements of the nearby annulus or for 
monitoring fluid flowing through the production tubing. 
[0007] In the case of geophones and accelerometers, 
the sensors must be mechanically coupled to the forma- 
tion in order to make the desired measurement. GB 



2,307,077A discloses providing the wireline sonde with 
an arm which can be extended against the wall of the 
casing. When extended, the arm presses ('clamps') the 
sensor against the opposite wall-of the casing with a 

5 clamping force sufficient to prevent relative motion of the 
sensor with respect to the casing. As a rule of thumb, 
the clamping force should be at least five times the 
weight of the sensor, and it is not uncommon for sensors 
to weigh 30 lbs. or more. 

10 [0008] Another method includes attaching sensors to 
the exterior of the casing as it is installed in the well. The 
annulus around the casing is then cemented such that 
when the cement sets, the sensors are permanently and 
mechanically coupled to the casing and formation by the 

1$ cement (see for example U.S. Patents 4,775,009 and 
5,467,823 and EP 0 547 961 A1). 
[0009] One proposed use for sensor arrays includes 
the real-time monitoring of a fracture as it is being 
formed in a formation. These systems use arrays of 

20 acoustical energy sensors (e.g. geophones, hydro- 
phones, etc.) which are located in a well that is in acous- 
tical communication with the formation to detect the se- 
quence of seismic events (e.g. shocks or "mini earth- 
quakes') which occur as the formation is being hydrau- 

25 lically fractured. The sensors convert this acoustic en- 
ergy to signals which are transmitted to the surface for 
processing to thereby develop the profile of the fracture 
as it is being formed in the formation. This monitoring is 
particularly useful when the hydraulic fracturing is per- 

30 formed for disposing waste materials in subterranean 
formations. Certain waste materials may be injected as 
a slurry into earth formations: e.g. see U.S. Patent Nos. 
4,942,929 and 5,387,737. The sensor arrays are then 
used to ensure the fracture (and hence the waste ma- 

35 terial) does not encroach into neighbouring formations. 
[0010] Well logging, whether from wireline or drill 
stem, only provides a very limited amount of information 
about the hydrocarbon reservoir. Monitoring and under- 
standing formation subsidence and fluid movement in 

40 the interwell spacing is critical to improving the volume 
of hydrocarbons recovered from the reservoir and the 
efficiency with which they are recovered. One method 
for monitoring is time lapse seismic monitoring. 
[0011] Subsidence of the strata within and above a 

45 reservoir may take place during hydrocarbon production 
because of movement and withdrawal of fluids. This 
subsidence and pore pressure changes caused by 
movement of fluids may cause tiny earthquakes. These 
"micro-earthquakes' may be detected by very sensitive 

50 seismic sensors placed in the wellbore near the micro- 
earthquake activity. Continuous seismic monitoring of 
such detected activity offers the possibility of monitoring 
subsidence and fluid migration patterns in reservoirs. 
Reservoirs are complicated and knowledge is needed 

55 to predict their flow paths and barriers. 

[0012] Most of the cost of 3-D surveys is in data ac- 
quisition which is currently being done with temporary 
arrays of surface sources and receivers. Long-term em- 
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placement of the receivers has the potential of lowering 
significantly data acquisition costs. There are two impor- 
tant reasons for long-term emplacement of receivers, 
first, repeatability is improved and second, by position- 
ing the receivers closer to the reservoir, noise is reduced s 
and vertical resolution of the seismic information is im- 
proved. Further, from an operational standpoint, it is pre- 
ferred that receivers be placed in the field early to pro- 
vide the capability of repeating 3-D surveys at time in- 
tervals more dependent on reservoir management re- io 
quirements than on data acquisition constraints. 
[001 3] One method to determine the time evolution of 
a reservoir under production is the three dimensional 
vertical seismic profile (VSP). This method comprises 
the reception of waves returned by various underground is 
reflectors by means of an array of geophones arranged 
at various depths inside the well, these waves having 
been transmitted by a seismic generator disposed on 
the surface or possibly inside another well. By obtaining 
a sequence of records distributed over a period of six 20 
months to many (e.g. ten) years, it becomes possible to 
monitor the movement of fluid in the reservoirs, and to 
thereby obtain information needed to improve the vol- 
ume of recovered hydrocarbons and the efficiency with 
which they are recovered. 2S 
[0014] Long-term borehole sensor arrays for seismic 
monitoring must consist of many levels of sensors in or- 
der to provide sufficient reservoir coverage. Monitoring 
a reservoir with long-term seismic sensors requires 
many more sensors than those being used merely to 30 
monitor pressure and temperature in a wellbore. Pres- 
sure and temperature monitoring typically consists of a . 
single sensor level near the producing zone. 
[001 5] Further, the general approach used for deploy- 
ing arrays of downhole geophones has been to adapt 35 
surface seismic data acquisition cables to the downhole 
applications. Typically the downhole installations have 
used conventional geophones packaged in some hard- 
ened module with each geophone connected to the sur- 
face with a twisted pair of copper wires. Analog telem- *o 
etry over twisted-pair copper wire has major disadvan- 
tages for large numbers of sensors. A large diameter 
umbilical cable is necessary because of the individual 
wires required for each sensor. Since molded connec- 
tors tend to be the main failure points, increasing the *s 
number of sensors also increases the number of con- 
nectors and increases the probability of failure in the 
sensor array. Further only low telemetry rates can be 
achieved. Seismic data for 3-D monitoring of reservoirs 
is vastly larger in quantity than for pressure and temper- so 
ature monitoring. Further, storing any significant amount 
of data downhole is not practical. The data must be 
transmitted real time. 

[001 6] One deficiency of the prior art is protecting the 
umbilical cable from damage during emplacement. As ss 
arrays of sensors strapped to the outside of a string of 
pipe pass the bends and turns in the outer casing, they 
are subjected to shear and compression forces. These 



have caused many sensors and umbilical cables to be 
damaged or broken. 

[0017] The present invention overcomes or reduces 
these deficiencies of the prior arU 
[0018] In one aspect, the invention provides a sensor 
array for disposition between inner and outer concentric 
pipes extending into a well, which array comprises a plu- 
rality of spaced apart sensors, preferably accelerome- 
ters, configured to sense seismic waves and connected 
to a cable for transmitting signals to the surface; clamps 
for attaching said cable to the inner pipe; and biasing 
members for attachment to the inner pipe and adapted 
in use to engage said outer pipe, wherein said sensors 
are mounted on said biasing members adjacent the out- 
er pipe. 

[0019] In another aspect, the invention provides a 
method of long term monitoring of a reservoir, which 
method comprises running tubing inside a well casing; 
attaching biasing elements to the tubing during the step 
of running tubing inside the well casing; mounting sen- 
sors in a sensor array, each on a component of the bi- 
asing element, wherein the component is configurable 
to contact the well casing with a force greater than five 
times the weight of the sensor; and attaching a cable 
which connects the sensors to the tubing. 
[0020] The apparatus of the present invention in- 
cludes an array of sensors disposed on an umbilical ca- 
ble attached to tubing extending into a well. In one em- 
bodiment, the sensor array includes a series of evenly 
spaced three-component accelerometers individually 
mounted on biasing members, such as bowspring cen- 
tralizer fins, which clamp the accelerometers to an outer 
casing to establish a mechanical coupling between the 
accelerometers and the surrounding formation. The ac- 
celerometers are lightweight so that the biasing mem- 
bers provide sufficient clamping force to ensure me- 
chanical coupling, thereby facilitating the emplacement 
of the sensor array. The umbilical cable coupling the ac- 
celerometers and extending to the surface may include 
a crush resistant metal coil wrapped around an inner 
transmission cable which carries power and/or teleme- 
try information from downhole to the surface. The metal 
coil provides a crush resistance comparable to solid 
metal tubing with a much higher flexibility. A standard 
wireline wrap may be provided outside the metal coil for 
added tensile strength, and an abrasion-resistant plastic 
coating may also be employed to enhance the durability 
of the umbilical cable during emplacement. 
[0021] In order that the invention may be more fully 
understood, reference is made to the accompanying 
drawings, wherein: 

Figure 1 is a simplified schematic of a well contain- 
ing an embodiment of apparatus of the invention; 
Figure 2A illustrates a bowspring biasing element 
adapted to establish mechanical coupling between 
a sensor and the surrounding formation; 
Figure 2B illustrates a novel biasing element for es- 
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tablishing mechanical coupling between a sensor 
and a surrounding mechanical formation; 
Figure 3 illustrates a bladder element adapted to es- 
tablish mechanical coupling between a sensor and 
the casing; 

Figure 4 illustrates an overhead view of the bladder 
element; 

Figure 5 illustrates one embodiment of a sensor ar- 
ray; 

Figure 6 illustrates one embodiment of a crush re- 
sistant cable; 

Figure 7 A illustrates a second embodiment of a 
crush resistant cable; 

Figure 7B illustrates a third embodiment of a crush 
resistant cable; 

Figure 8 illustrates a vertical seismic profiling proc- 
ess; 

Figure 9 illustrates a cross-well seismic profiling 
process; 

Figures 1 0A and 1 0B show crush resistance test re- 
sults for various cable armor configurations; and 
Figure 11 shows a second embodiment of a sensor 
array. 

[0022] While the invention is susceptible to various 
modifications and alternative forms, specific embodi- 
ments thereof are shown by way of example in the draw- 
ings and will herein be described in detail. It should be 
understood, however, that the drawings and detailed de- 
scription thereto are not intended to limit the invention 
to the particular form disclosed, but on the contrary, the 
intention is to cover all modifications, equivalents and 
alternatives falling within the spirit and scope of the 
present invention as defined by the appended claims. 
[0023] Referring initially to Figure 1 , there is shown a 
simplified depiction of a well 100. Well 100 has an outer 
casing 1 02 extending from a wellhead 1 04 at the surface 
106 through a large diameter borehole 108 to a certain 
depth 110. Outer casing 102 is cemented within bore- 
hole 108. An inner casing 112 is supported at wellhead 
1 04 and extends through outer casing 1 02 and a smaller 
diameter borehole 1 1 4 to the bottom 1 1 6 of the well 1 00. 
Inner casing 112 passes through one or more produc- 
tion zones 118A, 118B. Inner casing 112 forms an an- 
nulus 1 20 with outer casing 1 02 and an annulus 1 22 with 
borehole 114. Annulus 120 and annulus 122 are filled 
with cement 124. A production tubing 126 is then sup- 
ported at wellhead 104 and extends down the bore 128 
of inner casing 112. The lower end of tubing 126 is 
packed with a packer 130 above the lowest of the pro- 
duction zones 118B. Other packers 130 may be provid- 
ed to further define other production zones 11 8A, and 
to seal off the bottom of the well 116. The lower portion 
1 32 of inner casing 11 2 is perforated at 1 34 to allow hy- 
drocarbons to flow into inner casing 112. The hydrocar- 
bons from the lowest production zone 118B flow up the 
flow bore 136 of production tubing 126 to the wellhead 
1 04 at the surface 1 06, while the hydrocarbons from the 



other production zone 118A may be comingled with the 
flow from zone 118B or may flow up the annulus be- 
tween inner casing 1 1 2 and tubing 1 26. A Christmas tree 
138 is disposed on wellhead 104- fitted with valves to 
5 control flow through tubing 1 26 and the annulus around 
tubing 126. 

[0024] Referring now to Figures 1 and 2A, an array 
140 of long-term sensors 210, disposed on an umbilical 
cable 211 , are preferably disposed on production tubing 
10 126 as tubing 126 is assembled and lowered into the 
bore 1 28 of inner casing 112. The sensors 21 0 are pref- 
erably attached to the outside of the tubing 126 at spec- 
ified depth intervals and may extend from the lower end 
of tubing 126 to the surface 106. The necessary me- 
te chanical coupling between the sensors and inner casing 
112 is provided by biasing elements 212. It should be 
appreciated that although the array 140 is shown dis- 
posed on tubing 126, array 140 may also be disposed 
on inner casing 112. To facilitate installing the large 
20 number of sensors 210 (possibly up to several hundred) 
on the tubing 126 as it is lowered into the bore 128, a 
configuration such as that shown in Figure 2A may be 
employed. 

[0025] Figure 2A shows biasing elements 212 of a 

2S known type fixed upon tubing 126 for facilitating its de- 
scent into the well 100. The biasing elements 212 may 
be equipped with any flexible or extensible radial mem- 
ber for locating tubing 126 at a desired location within 
bore 128 of inner casing 112. In the preferred embodi- 

^o ment, the biasing element 212 includes a plurality of 
flexible or extensible blades 215 and a plurality of 
clamps 214 for mounting the biasing element 212. The 
sensor 21 0 is placed on one of the blades 21 5 of biasing 
element 212, and a mechanical contact thereby estab- 

3S Hshed between sensor 21 0 and the hydrocarbon forma- 
tion 118. The umbilical cable 211 coupling the sensor 
21 0 to the surface 1 06 may be clamped to the outer sur- 
face of tubing 126 by plastic ties or metal straps 213. 
[0026] Sensors 210 are preferably lightweight sen- 

40 sors weighing less than a pound whereby the requisite 
clamping force is more easily supplied. Blades 215 are 
preferably bowsprings which provide a clamping force 
which is at least five times greater than the weight of the 
sensors 210. Accelerometers can be manufactured in 

45 very small lightweight packages (less than a pound in a 
volume of several cubic centimeters) using micro-ma- 
chining techniques, in which silicon is etched to form a 
cantilever beam and electronic position sensors of the 
beam. Such sensors are available from companies such 

so as OYO, Mark Products, and Input/Output Inc. Mark 
Products has developed a 1/2" outside diameter down- 
hole retrievable geophone package using geophones 
that are 0.3 inches in diameter. 
[0027] Figure 2B shows an alternate biasing element 

55 configuration 216 which may be used for establishing a 
mechanical contact between sensor 210 and the hydro- 
carbon formation 118. A slider 218 is mounted on 
springs 217, which in turn are mounted on tubing 126 
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by clamps 214. The slider 218 is held against the inner 
casing 1 1 2 by a bow spring 215 which exerts a force on 
the inner casing 112 opposite the slider 218. The sensor 
210 is mounted on slider 218. 

[0028] Referring now to Figures 3 and 4, other cou- s 
pling methods may also be used. For example, the sen- 
sors may be attached to the interior of inflatable blad- 
ders 302. After the tubing 126 has been inserted, the 
bladders 302 may be inflated with gas or fluid by various 
means including, but not limited to, unidirectional check 10 
valves, induced chemical reactions, and electrical 
pumps. Preferably, a deflation means is also provided 
in the event that it is desired to remove the tubing 126 
from the well. Various deflation means are contemplat- 
ed, including a locking check valve which locks into an is 
open position when a predetermined pressure is applied 
to it. In any case, whichever coupling method is used, 
design considerations may be made to ensure that the 
clamping means does not resonate in the frequency 
range of interest. 20 
[0029] Although the mechanical coupling between the 
sensors and the formation has been discussed using bi- 
asing elements which generally center the tubing within 
the wellbore, it is recognized that other biasing elements 
which induce eccentricity can be used. In view of the 2s 
small clamping forces required, a single fin or extensible 
arm may be sufficient to establish mechanical coupling. 
[0030] It is noted that these coupling methods may be 
used for sensors other than just geophones and accel- 
erometers. For example, these coupling methods may 30 
be used for acoustic or electromagnetic sensors for 
communicating with measurement sensors installed 
outside the casing 112. 

[0031] Referring now to Figure 5, there is shown an 
array 150 of sensors 210 which are integrated into an 35 
umbilical cable 211 which is attached to the outside of 
tubing 126. Sensors 210 are located inside biasing ele- 
ments 212 or bladders 302 shown in Figures 3 and 4 
which establish mechanical coupling by pressing 
against the casing 112. The umbilical cable 211 incor- *o 
porates protection from mechanical crushing, pressure, 
and corrosive fluids. By integrating the sensors 210 into 
the cable 211 , the need for complex sealed connectors 
is avoided. 

[0032] A major problem in placing the arrays 1 40, 1 50 *s 
of sensors 210 is in protecting the sensors 210 and the 
telemetry path from damage during the emplacement 
operation. The umbilical cable 21 1 must withstand abra- 
sion and crushing as the pipe is passed downwardly 
through the casing 112. so 
[0033] Existing logging cables (aka wirelines) consist 
of wire rope wound around an inner core containing cop- 
per Wires and/or optical fibers. The wire rope is for pro- 
tection and to provide a high tensile strength for sup- 
porting bgging tools in the wellbore. However, these ca- ss 
bles have relatively small crush resistances. Another 
approach which has been used is to install the sensor 
arrays inside small diameter steel tubing. 



[0034] Referring now to Figure 6, there is shown an 
umbilical cable 702 coupled to a sensor package 704. 
To provide umbilical cable 702 with improved crush re- 
sistance while allowing flexibility, ja metal coil of round 
or flattened wire 708 is wrapped around an inner umbil- 
ical 710 having a core sheath 706 and one or more con- 
duits 712. Examples of conduits include electrical con- 
ductors (such as pairs of copper wife or coaxial cable) 
and optical fibers. Preferably the metal coil 708 is sep- 
arated from the inner umbilical 710 by an abrasion re- 
sistant plastic sheath 707. Also, the metal coil 708 is 
preferably wrapped compressing inner umbilical 710 to 
prevent slippage between inner umbilical 710 and metal 
coil 708. The short or "tight" lay of the metal coil 708 
provides the crush resistance. The crush resistance pro- 
vided by this coil 708 may be made comparable to that 
of a solid tube, and early tests indicate that a higher 
crush resistance may be achieved by the coil 708. 
[0035] Figures 10A and 10B show the force required 
to crush an armored cable by a given amount. Plots are 
shown in Figure 1 0A for a standard 7/32" and 5/1 6" outer 
diameter wireline cables, a cable armored with standard 
1/4" outer diameter (0.15° inner diameter) stainless 
steel tubing, and a cable armored with an 0.292" outer 
diameter (0.22" inner diameter) stainless steel coil. The 
crush resistance of the coiled armor configuration com- 
pares very favourably to the other armored cable con- 
figurations shown. 

[0036] Figure 1 0B includes plots for a standard 7/1 6" 
outer diameter wireline cable, the 1/4" stainless steel 
tubing armored cable, a cable armored with 0.470" outer 
diameter (0.415" inner diameter) stainless steel coil, 
and a cable armored with 0.375" outer diameter (0.320" 
inner diameter) stainless steel coil. The 0.470" coiled 
armor cable has a crush resistance comparable to the 
1/4" solid tubing armor, yet it has an inner diameter near- 
ly three times that of the solid tubing armor. The 0.485" 
coiled armor cable has a crush resistance that also com- 
pares very favourably to the other armored configura- 
tions shown. 

[0037] In a preferred embodiment, the metal coil 708 
is made up of a single flattened stainless steel wire 714 
having a rectangular cross-section, with the width (par- 
allel to the cable axis) of the wire 714 between 1.5 and 
3.5 times the thickness (perpendicular to the cable axis) 
of the wire 714. For maximum crush resistance, no 
space is left at 718 between adjacent windings of the 
wire 714. 

[0038] The exterior of the umbilical cables 211 may 
be coated with abrasion- resistant plastic. An example 
of would be Tefsel, a Teflon«-based material which has 
desirable high-temperature properties. 
[0039] Referring now to Figure 7A, there is shown a 
crush resistant umbilical cable 802. To provide the crush 
resistant cable 802 with additional tensile strength, a 
wire wrap similar to that used for standard wireline ca- 
bles 804 is placed over the metal coil 708. The long lay 
of the wireline wrap 804 allows it to carry the burden of 
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umbilical cable 802. The preferred embodiment of cable 
802 comprises a four-layer wireline wrap, but it is under- 
stood that many variations exist and may be employed. 
[0040] Figure 7B shows another crush resistant cable 
embodiment 806. Cable 806 includes a protective layer 
808 over the metal coil 708, and a woven wire braid 81 0 
over the protective layer. The long lay of the woven wire 
braid 810 provides tensile strength to cable 806. It is 
contemplated that the woven wire braid 810 may be 
wrapped around the sensor 704 so that the sensors be- 
come incorporated into a continuous umbilical cable 
21 1 . The sensors 21 0 would then just appear as 'lumps" 
in the umbilical cable 211 . This would provide extra pro- 
tection to the couplings between the inner umbilical 710 
and the sensor package 704 which are often the weak 
point in the sensor array. In one contemplated embodi- 
ment, the umbilical cable 211 incorporates 200 three- 
component accelerometers spaced fifty feet apart. Each 
accelerometer performs 16-bit sampling at 4000 sam- 
ples per second per component. Optical fibers (or cop- 
per wire) 712 carry the resulting 38.4 Mbit/sec of telem- 
etry data to the surface 106. Power conductors (not 
shown) may be included in the umbilical cable 211 to 
provide power to the accelerometers 210. Alternatively, 
power and data telemetry may be simultaneously ac- 
commodated over the inner conductor of a coaxial ca- 
ble. 

[0041] Referring now to Figure 8, there is illustrated a 
process for vertical seismic profiling of the formation 1 1 8 
in well 100. A seismic source 10 (a vibrator or pulse 
source) generates seismic waves on the surface 106, 
and these waves propagate through the ground, 
spreading out as they move deeper and reflecting off of 
underground reflectors 14. The waves sent back by the 
various underground reflectors 14, and in particular 
those of the production zone 118, are received by the 
array 140 of sensors 210 coupled to tubing 126 and ex- 
tending from the bottom 116 of the well 100 to the sur- 
face 1 06. The sensors 21 0 transmit detected signals via 
the umbilical cable 211 to a recording laboratory 12. 
[0042] The source 10 of the detected signals is not 
necessarily on the surface 106. For example, Figure 9 
illustrates a process for cross-well profiling of formation 
1 1 8. In Figure 9, the seismic source 904 is in a separate, 
nearby well 902. This approach provides a method for 
achieving a very high resolution profile of formation 118. 
The seismic sensors 210 can also be used to perform 
non-intrusive monitoring of phenomena occurring inside 
a producing well (flow noises of fluid circulating inside 
the columns) or when production has stopped (detection 
of formation fractures caused by the production or injec- 
tion of fluids). The seismic sensors 210 used may be 
hydrophones, geophones and accelerometers. The 
number used and their disposition are selected accord- 
ing to the intended applications. 
[0043] Numerous possible variations and modifica- 
tions of the above embodiments will be apparent to 
those skilled in the art. By way of example, it is recog- 



nised that the disclosed method for permanent em- 
placement of sensors may be used for pressure sen- 
sors, temperature sensors, as well as sensors of other 
kinds. Additionally, an alternate sensor array configura- 
s tion such as that shown in Figure 11 may provide for 
mounting the sensors 210 directly on the tubing 126. 
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1. A sensor array for disposition between inner and 
outer concentric pipes extending into a well, which 
array comprises a plurality of spaced apart sensors, 
preferably accelerometers, configured to sense 

is seismic waves and connected to a cable for trans- 
mitting signals to the surface; clamps for attaching 
said cable to the inner pipe; and biasing members 
for attachment to the inner pipe and adapted in use 
to engage said outer pipe, wherein said sensors are 

20 mounted on said biasing members adjacent the out- 
er pipe. 

2. An array according to claim 1 , wherein the sensors 
each have a sensor weight, and wherein said bias- 
es ing members exert a clamping force greater than 

the sensor weight. 

3. An array according to claim 1 or 2, wherein the cable 
includes an inner umbilical attached to the sensors; 

30 and a metal coil wrapped around said inner umbili- 
cal. 



4. An array according to claim 3, wherein the metal 
coil comprises a metal wire with abutting adjacent 
windings, said wire optionally having a rectangular 
cross-section. 



35 



5. An array according to claim 3 or 4, wherein the cable 
further includes a wireline-wrap layer or a woven 

4 o wire braid layer. 

6. An array according to any of claims 1 to 5, wherein 
the biasing members each include azimuthally 
spaced bowsprings to exert a force on the outer 

45 pipe, and wherein the sensors are each mounted 
on a bowspring of a corresponding biasing member. 

7. An array according to any of claims 1 to 5, wherein 
the biasing members each include one or more 

50 bladders which are configurable to exert a force on 
the outer pipe, and wherein the sensors are each 
mounted on a bladder of a corresponding biasing 
member. 

55 8. An array according to any of claims 1 to 5, wherein 
the biasing members each include a spring-mount- 
ed slider configured to exert a force on the outer 
pipe, and wherein the sensors are each mounted 
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on a slider of a corresponding biasing member 

9. An array according to any of claims 1 to 8, disposed 
between inner and outer concentric pipes in a well. 

5 

10. A method of long term monitoring of a reservoir, 
which method comprises running tubing inside a 
well casing; attaching biasing elements to the tub* 
ing during the step of running tubing inside the well 
casing; mounting sensors in a sensor array, each 10 
on a component of the biasing element, wherein the 
component is configurable to contact the well cas- 
ing with a force greater than the weight of the sen- 
sor; and attaching a cable which connects the sen- 
sors to the tubing. is 

11. A method according to claim 10, wherein the bias- 
ing elements each include one or more bladders 
which are configurable to exert a force on the well 
casing, and wherein the method further comprises 20 
inflating the bladders. 

12. A method according to claim 10 or 11, wherein the 
array is as claimed in claim 9. 

2S 

13. A method according to claim 10, 11 or 12, which 
further comprises supplying power to the sensors 
via the cable; receiving measurements from the 
sensors via the cable; and processing the measure- 
ments. 30 

1 4. An array disposed between inner and outer concen- 
tric pipes extending into a well from the surface, said 
array comprising: a cable; a plurality of spaced 
apart sensors connected to the cable for transmit- 35 
ting signals to the surface wherein said sensors are 
mounted on an outer surface of the inner pipe; and 
clamps attaching said sensors and cable to the in- 
ner pipe; wherein the cable includes an inner um- 
bilical attached to the sensors; and a metal coil 40 
wrapped around said inner umbilical. 

15. An array according to claim 14, wherein the metal 
coil comprises a single metal wire with abutting ad- 
jacent windings. 45 

16. An array according to claim 14, wherein the metal 
coil comprises a metal wire with a rectangular 
cross-section. 

so 

17. An array according to claim 14, wherein the cable 
further includes a woven wire braid layer. 

18. An array according to claim 14, wherein the sensors 
are of a type from a set comprising: pressure sen- 55 
sors, temperature sensors, and seismic sensors. 
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